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ABSTRACT 
The t o r s i o n a l  creep and c reep  recovery behavior of amorphous 
113 ,5 - t r i - a -naph thy l  benzene w a s  s t u d i e d ;  while  a t  me tas t ab le  equ i l ib r ium 
d e n s i t y ;  along a s p e c i f i e d  g l a s sy  volume-temperature l i n e ;  and du r ing  i so -  
thermal volume c o n t r a c t i o n  below the  convent ional  g l a s s  t r a n s i t i o n  t e m -  
p e r a t u r e ;  T Di l a tome t r i c  measurements confirmed the  convent ional  
T t o  be 69°C. The c a p i l l a r y  v i s c o s i t y  measurements of Magill  and 
Ubbelohde were extended from 185°C t o  below T covering v i s c o s i t y  
v a l u e s  from 10 t o  10 Poises .  I n  a r eg ion  of time s c a l e  the mechanical 
response w a s  found t o  be dominated by Andrade creep. The r e t a r d a t i o n  
spectrum found w a s  over 9 logarthmic decades wide i n  c o n t r a s t  t o  r e -  
p o r t e d l y  narrow s p e c t r a  exhibi ted by o the r  l i q u i d s  wi th  s imi la r  molecular 
weights .  A s t eady  s t a t e  compliance, 
64.2"c w a s  measured. Free volume theo ry  was found a p p l i c a b l e  t o  a l l  
measurements made below 120°C. The occupied volume, v was deduced 
g' 
g 
g '  
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2 of 2.6 x lo-'' cm /dyne a t  Je '  
0' 
t o  be temperature i n s e n s i t i v e .  
4' 
INTRODUCTION 
. 
The v i s c o e l a s t i c  behavior of p o l a r ,  low molecular weight 
3 
(< 10 ) organic  l i q u i d s  has  been t h e  o b j e c t  of s e v e r a l  i n v e s t i g a t i o n s  
which u t i l i z e d  dynamic mechanical techniques.  For l i q u i d s  of 
low v i s c o s i t y ,  r e l a x a t i o n  phenomena are observed a t  h igh  f r equenc ie s  
(< 10 
a r e  encountered, r e l a x a t i o n  e f f e c t s  occur and can be measured a t  low 
audio and subaudio frequencies .  Close t o  or  below t h e  g l a s s  t r a n s i t i o n  
temperature ,  T of a super-cooled l i q u i d ,  t i m e  dependent mechanical 
response can be observed i n  the  r eg ion  of t i m e  s c a l e  convenient ly  ac- 
c e s s i b l e  i n  c reep  and stress r e l a x a t i o n  measurements. Ball indenta-  
t i o n  creep measurements have been made by Tobolsky and Taylor on an 
o rgan ic  glass-forming mater ia l ,  Galex. 
1-6 
6 c y c l e s / s e c ) ,  b u t  f o r  super-cooled l i q u i d s  where high v i s c o s i t i e s  
g '  
7 
The r e s u l t s  of t o r s i o n a l  c r eep  and recovery measurements 
on a h i g h l y  p u r i f i e d  sample of 1 ,3 ,5 - t r i - a -naph thy l  benzene, mNB, 
a r e  r epor t ed  he re .  Molecular models of t h i s  non-polar compound a r e  non- 
p l a n a r ;  t h e  naphthalene groups a r e  s t e r i c a l l y  hindered from l y i n g  i n  t h e  
p l ane  of the benzene r i n g  (see schematic drawing). X-ray measurements 
sugges t  t h a t  the naphthalene planes are a t  l a r g e  ang le s  t o  t h e  benzene 
p l ane  i n  t h e  c r y s t a l .  Since the naphthalene groups presumably cannot 
r o t a t e ,  two s t e r i c  isomers should e x i s t  b u t  t h i n - l a y e r  chromatography 
i n d i c a t e s  t h a t  only one spec ie s  is p resen t .  I n  a d d i t i o n ,  l imi t ed  x-ray 
measurements i n d i c a t e  the ex i s t ence  of only one c r y s t a l l i n e  h a b i t .  8 
i 
1' 
2.  
Dilatometric measurements of the volume temperature dependence 
between 25" and 310" of TaNB were made by Magill and Ubbelohde' along 
with vapor pressure (430-530°C) and capillary viscosity measurements 
(185-310°C). The dilatometric measurements showed that it was possible 
to move conveniently along either the crystal or super-cooled liquid 
branches of the phase diagram. Measurements of the viscous and visco- 
elastic response of TaNB are of interest as a rare example 
of a low molecular weight, non-polar glass-former. In addition, these 
results allow a direct check of the influence of the melt viscosity 
on the crystal growth rate. This relationship is the subject of a 
companion paper which follows this description of the creep and 
recovery behavior of  super-cooled liquid and of glassy TaNB. 
. 
, 
3 .  
Materials 
' f  
1:3:5 tri-a-naphthylbenzene was prepared from 1' acetonaphthone 
10,11 me using a procedure similar to that described in the literature. 
condensation reaction was conducted in an atmosphere of nitrogen, and 
the water was azeotroped off during the ten hour heating period. From 
the solid tarry product, which formed on cooling the contents of the 
reaction flask, the crude hydrocarbon was isolated using glacial acetic 
acid and acetic anhydride. 
Purification 
This crude material was further recrystallized several times 
from 50/50 chloroform-petroleum ether solutions. 
needles, obtained at this stage, were further purified by chromatography 
on Fisher activated alumina (80-200 mesh) using carbon tetrachloride as 
the eluent. This procedure was repeated three times, after which the 
solution was passed through a fine sintered glass filter. The hydrocarbon 
compound was recovered by solvent evaporation, and then recrystallized 
from toluene. 
under vacuum (10 mm Hg pressure) around 100°C. 
The white crystalline 
Traces of toluene were removed by heating the TaNR crystals 
-4 
Dilatometry 
Dilatometers were constructed in the conventional manner. The 
compound (1-1.5 g) was degassed in the dilatometer bulb prior to the 
addition of pure dry mercury which was used as the indicator liquid. 
t 
4 .  
The dilatometer stem consisted of 1.5 mm diameter precision bore capillary 
tubing. 
the density of the TaNB was calculated by the usual procedures after the 
dilatometer volume was determined with mercury alone. 
From the change in volume of the contents of the dilatometer, 
Creep Apparatus and Sample Handling 
The torsional creep apparatus utilized in this investigation 
consists of a rotor which is magnetically levitated in a controlled 
atmosphere chamber by means of a solenoid. 
is regulated with an electronic feedback circuit 'that was designed by 
Dr. Victor MacCosham.12 
means of a drag cup motor and angles reflecting the torsional deformation 
in the cylindrical samples were monitored with a light lever and a 
Beckman Photopen recorder. Experimental temperatures were held constant 
to within 0.05"C with a silicone oil bath (Dow Corning 550). 
The current in this solenoid 
Constant torques were induced in the rotor by 
Pellets of the TaNB were molded in a vacuum stainless steel 
mold. A specimen was placed in the instrument on a circular sample 
surface and melted. 
and the distance between the surfaces was adjusted until the material 
filled the gap. Surface tension held the liquid in the shape of a 
cylinder with a height in the neighborhood of 0.15 cm. Sample surfaces 
of 0.6, 
Absolute values of the creep compliance were obtained at and above 69°C. 
For measurements below 69"C, the sample was drawn into a long thin cylinder 
A second, matching surface was lowered onto the liquid 
1 . 2 ,  and 3 . 0  cm in diameter were employed in this study. 
5. 
in order to maintain total angular deformations of about 2 degrees. 
Absolute values of compliance were obtained from the relative measurements 
made on the drawn sample by establishing the sample coefficient with 
check runs at 69OC. No perceptible strain was observed in these drawn 
samples when they were examined with a polarizing microscope. 
2 At higher temperatures where the viscosity, r l ,  dynes sec/cm , 
was less than lo4 Poise, the instrument was used as a rotational 
viscometer. 
6 .  
RESULTS 
Creep and Recovery Measurements at Equilibrium Volume 
Although the conventional glass temperature, T , of T a N B  
g 
(determined dilatometrically with one degree per minute cooling) is 69"C, 
it is possible to reach the equilibrium volume at 59°C in about lo5 seconds. 
Our judgment on this point is guided by isothermal volume contraction 
measurements, which will be discussed later, and is substantiated by 
repeated creep measurements. Shown in Fig. 1 are creep compliance, 
J(t) Y cm /dyne curves obtained after cooling from 7OoC and equilibrating 
the temperature of the sample at 59.2"C. The first measurement was taken 
about four hours after the attainment of thermal equilibrium. The 
response of the sample on the second day, some 22 hours after reaching 
59OC, had slowed down by a factor of 2.32. 
day, the factor was 1.09. 
2 
From the second to the fifth 
The recoverable compliance curves , Jr (t) , for the three measure- 
ments were obtained from the early part of the recovery portions of the 
runs. They are also plotted in Fig. 1. Within experimental uncertainty, 
the J (t) curves measured on the second and the fifth days are identical. 
The J(t) curve measured on the fifth day was taken to represent the be- 
havior at the equilibrium density. In the preceding statements, we 
r 
have implicitly assumed that the changing response w a s  e i i t i r e ly  a *'--- L L L U L  - 
scale shift. Such an assumption is consistent with the shape of the curves 
and no change in amplitude or shape of the retardation spectrum during 
isothermal contraction need be invoked. The recovery data shown in 
F i g .  1 are linear with the cube root of time and have a common extra- 
polated intercept at zero time. 
7. 
In Fig. 2 all of the creep compliance curves, J(t), are shown 
which were measured at equilibrium volume and where a significant amount of 
recoverable deformation was observed.It is clear from the observed curva- 
ture that response is viscoelastic in the region of glassy hardness, 
lo-'' cm /dynes, but it is not immediately obvious that the behavior is 
not simply Maxwellian (instantaneous elastic plus viscous deformation); 
2 
in other words, that the recovery is time independent. 
log J(t) is a straight line with a slope of one on this 
simple viscous flow is the only measurable contribution 
To investigate the recoverable compliance 
subtract off the viscous contribution to the compliance 
but such subtractions lead to unacceptably large errors 
In the regions where 
logarithmic plot, 
to the deformation. 
behavior one can 
since J (t) = J(t) - t/q, 
where the viscous 
r 
term, t/qy dominates. Therefore, it is highly desirable to measure the 
characteristic recoverable compliance directly by means of a recovery 
measurement following a creep run that has achieved steady-state, i.e., 
after the recoverable component of the deformation has become independent 
of the time of creep. The corresponding limiting compliance is the steady- 
state compliance, Je. 
achieved, J (t) is well approximated by the recovery measurement for the 
times of recovery that are much less than the time of creep. 
Under conditions where steady-state has not been 
r 
Dr. A,%- c." --..n-.l y %- & mr. L,,L u 3Y n...n-a-an U L  _I._ .L t L Y c m?. de e t  f x r  t empera t t l r  e s 
are shown in Fig. 3. These J (t) curves describe a surprisingly broad 
retarded transition. At three of the temperatures, 6 9 . 2 " ,  7 4 . 2 " ,  and 
Je' 79 .2  OC the limiting compliance , 
64.2"c a good estimate of it can be obtained. These values are listed 
r 
appears to have been reached and at 
8. 
i n  Table I. It i s  c l e a r  t h a t  magnitude o r  v e r t i c a l  s h i f t s  along wi th  
t ime-scale s h i f t s  occur as the temperature i s  changed. Since we have 
no theory t o  guide u s  i n  p red ic t ing  t h e  form of the  temperature dependence 
of t he  amplitude changes, we i d e a l l y  should have some d i r e c t  measure of 
t he  sho r t - t ime  l i m i t i n g  l e v e l s  of t h i s  t r a n s i t i o n  along wi th  the  J v a l u e s  
be fo re  a temperature r educ t ion  procedure can be appl ied t o  t h i s  d a t a .  
The shor t - t ime  l i m i t i n g  l e v e l s  of t h i s  mechanism w i l l ,  of cour se ,  be a 
measure of t he  long-time l i m i t i n g  va lues  of a preceding t r a n s i t i o n . ( a s -  
suming l i t t l e  or no overlap of c o n t r i b u t i o n s  from d i f f e r e n t  mechanisms) 
or  of t he  temperature dependence of a t r u e  g l a s s y  compliance, J , which 
would r e f l e c t  s o l e l y  t h e  bending or s t r e t c h i n g  of i n t r a -  and inter-molecu 
bonds. For T a N B ,  i t  w i l l  b e  seen t h a t  a preceding v i s c o e l a s t i c  mechanism 
i s  p r e s e n t .  It  w a s  observed t h a t  t h e  form of t h e s e  cu rves ,  p r i o r  t o  a 
r a t h e r  ab rup t  approach t o  the  Je l e v e l ,  w a s  w e l l  de sc r ibed  by t h e  Andrade 
c reep  l 3 - I 9  equat ion J (t) = JA -I- @t113; see Fig.  4 which i s  a l i n e a r  
e 
g 
r 
ar 
p l o t  of J ( t )  a s  a f u n c t i o n  of t113. Other measurements and f u r t h e r  a n a l y s i s ,  r 
t o  be desc r ibed  l a t e r ,  a r e  i n  accord wi th  t h e  presence of t h i s  kind of 
t e rmina t ing  Andrade creep. Meyer and F e r r y  have a l s o  observed t h i s  kind 
of response from g l u ~ o s e . ~  
i n t e r c e p t ,  
I t  i s  t h e r e f o r e  concluded t h a t  t he  ex t r apo la t ed  
i s  t h e  short- t ime l i m i t i n g  l e v e l  of t h e  preceding visco-  JA , 
e:as=:c +-.-“..ai L L U L . Y A C A w . r .  t;nn V i t h  the v a l i i e s  of these  l i m i t i n g  compliances l i s t e d  
i n  Table I ,  the  fol lowing amplitude r e d u c t i o n  formula can be appl ied.* 
~ ~~ 
This formula i s  analogous t o  the  temperature and p res su re  r e d u c t i o n  * 
e x p r e s s i o n  desc r ibed  by McKinney, Belcher ,  and Marvin f o r  dynamic bulk 
compress i b i l i  t y  measurements. 20 
9. 
The cons t an t s  without  s u b s c r i p t  p e r t a i n  t o  the  temperature of measurement 
and those wi th  t h e  s u b s c r i p t  t o  the r e f e r e n c e  temperature ,  To, t o  which 
a l l  the d a t a  i s  reduced. Figure 5 i n d i c a t e s  s chemat i ca l ly  t h e  
e f f e c t  of temperature on a s i n g l e  v i s c o e l a s t i c  d i s p e r s i o n .  To achieve 
s u p e r p o s i t i o n  a t  T a f t e r  t h e  amplitude temperature dependence has  been 
accounted f o r ,  a l l  times must be divided by an empi r i ca l  s h i f t  f a c t o r ,  
a a t  each temperature of measurement. Figure 6 shows t h e  r e s u l t  of a p p l i c a -  
t i o n  of t h e  desc r ibed  r e d u c t i o n  t o  t he  chosen r e f e r e n c e  temperature , 
To = 64.2"C. The r e d u c t i o n  i s  s a t i s f a c t o r y  and most of the e n t i r e  
t r a n s i t i o n  i s  seen i n  j u s t  under f i v e  decades of reduced time. In s t ead  
of t he  amplitude range of 10,000 o f t e n  observed i n  the  response of 
polymers i n  t h e i r  g l a s s l i k e  t o  rubbe r l ike  t r a n s i t i o n ,  a ve ry  modest 
change i n  compliance of 2.5 f o l d  is  seen here .  On the  o the r  hand, t h e  
f ive-decade wide d i s p e r s i o n  i s  (as w i l l  be seen below) i n d i c a t i v e  of an 
unexpectedly broad d i s t r i b u t i o n  func t ion  of r e t a r d a t i o n  t i m e s  , L ,  f o r  
such a s m a l l  molecule as TaNB. Other glass-forming s m a l l  molecules ,  
which are about as bulky,  have been r epor t ed  t o  e x h i b i t  s p e c t r a  which 
are claimed t o  be c l o s e  t o  a s i n g l e  r e l a x a t i o n  t i m e .  The measure- 
ments r epor t ed  h e r e  i n d i c a t e  t h a t  such claims may be u n j u s t i f i e d .  
0 
TJ 
10. 
Creep and Recovery Measurements Along a Spec i f i ed  Glassy Volume L ine  
Often, when mechanical p r o p e r t i e s  of g l a s s y  m a t e r i a l s  a r e  measured, 
l i t t l e  i f  any a t t e n t i o n  i s  paid t o  i d e n t i f y i n g  t h e  non-equilibrium s t a t e  
t h a t  i s  being s tud ied .  We have attempted t o  e s t a b l i s h  by a f i x e d  pro- 
cedure,  with accompanying d i l a t o m e t r i c  measurements, the volume-tem- 
p e r a t u r e  l i n e  along which t h e  creep and recovery measurements r epor t ed  
i n  t h i s  s e c t i o n  were made. I t  i s  widely acknowledged t h a t  the same l i q u i d  
c o n f i g u r a t i o n a l  s t a t e  i s  maintained along a s i n g l e  volume-temperature 
g l a s s  l i n e .  To reach vGlume equ i l ib r ium a t  some temperature below the 
convent ional  T where c o n t r a c t i o n  processes  would be apprec i ab ly  slowed 
down, t h e  instrument was thermostated a t  64°C f o r  four  days t o  i n s u r e  
volume e q u i l i b r a t i o n .  Subsequently,  t h e  instrument w a s  cooled (ca. one 
deg./min.) t o  39°C. 
temperature  where t h e  r a t e  of c o n t r a c t i o n  w a s  exceedingly minute and 
measurements could be taken over a per iod of a week a t  39°C and lower 
temperatures  while  remaining s e n s i b l y  on the same g l a s s y  volume l i n e .  
Over the  f i r s t  24-hour per iod a t  39"C, t h e  r a t e  of c r eep  diminished only 
one pe r  c e n t  t e s t i f y i n g  t o  n e g l i g i b l e  c o n t r a c t i o n  du r ing  t h i s  i n i t i a l  
p e r i o d  when the  f r e e  volume co l l apse  i s  most r a p i d .  Succeeding measure- 
ments were made a t  i n c r e a s i n g l y  l o w e r  temperatures.  During t h e  i n i t i a l  
s t a g e s  of t h i s  i n v e s t i g a t i o n  a t  temperatures below T it  w a s  f e l t  t h a t  
t h e  sample d e n s i t y  could be deduced from s e p a r a t e  d i l a t o m e t r i c  
measurements. It w a s  discovered t h a t  t h e  u n c e r t a i n t i e s  involved i n  such 
deduc t ions  w e r e  too g r e a t  f o r  c l e a r - c u t  i n t e r p r e t a t i o n .  The obvious 
g' 
This  s i z a b l e  temperature jump w a s  made t o  r each  a 
8 )  
11. 
and most e f f e c t i v e  method of following d e n s i t y  of t h e  sample by keeping 
a d i l a tome te r  i n  the  instrument bath was e v e n t u a l l y  adopted. Our most 
ex tens ive  sojourn below T w a s  monitored i n  t h i s  manner. Unfo r tuna te ly ,  
t he  s e r i e s  of c r eep  measurements c a r r i e d  o u t  du r ing  i so the rma l  c o n t r a c t i o n  
were n o t .  Consequently, d e n s i t i e s  had t o  be est imated from a s e p a r a t e  s e r i e s  of 
d i l a t o m e t r i c  measurements. 
g 
S p e c i f i c  volumes determined along two g l a s s  l i n e s  a r e  presented 
-4 i n  Fig.  7. The upper l i n e  [v (TOC) = 0.8672 + 1.40 x 10 (T - 6 9 ) ,  
T < 691 i s  the convent ional  curve measured during one degree per  minute 
cool ing.  Creep measurements were made along the  lower l i n e  [ v  (T"C) = 
0.8633 + 1.48 x 10 (T - 6 0 ) ,  T < 601. It i s  s u r p r i s i n g  t h a t  t h e  T 
g 
f o r  t h e  l a t t e r  l i n e  turned out  t o  be  60°C (see Fig.  7 ) ,  i n  s p i t e  of t h e  
e q u i l i b r a t i o n  a t  64°C. To o b t a i n  a measurement a t  49.2"CY where t h e  
r a t e  of c o n t r a c t i o n  w a s  g r e a t e r  , the instrument  temperature w a s  r a i s e d  
from 39.3"C; c reep  w a s  then measured f o r  about a h a l f  hour ;  and the  
temperature w a s  immediately lowered. A c reep  compliance check run  a t  
39.3"C agreed t o  w i t h i n  one percent  and t h e  volume t o  w i t h i n  a few 
hundredths  of a per  cen t .  The r e s u l t s  obtained a t  49.2"C a r e  t h e r e f o r e  
taken t o  r e p r e s e n t  behavior a long t h e  same g l a s s  l i n e .  
g 
g 
-4 
The c reep  compliance curves obtained a t  volumes along t h e  lower 
g l a s s  l i n e  i n  Fig.  7 a r e  shown i n  Fig. 8,  t oge the r  w i th  the  64.2OC 
r e f e r e n c e  temperature curve. The two s e r i e s  of measurements taken along 
t h e  lower g l a s s y  volume l i n e  were ch rono log ica l ly :  
1) 64.2",  39.3",  34.3O, 29.4", and 2 4 . 2 O C ;  
and 14.2"c. Both s e r i e s  of runs  terminated when the  weak b r i t t l e  spec i -  
2 )  64.2",  39.3",  49.2", 39.3",  
12. 
. 
men cracked. 
determined us ing  an ex t r apo la t ed  va lue  of t he  temperature s h i f t  f a c t o r .  
This  procedure w a s  necessary because the  c a l c u l a t e d  r e s u l t s  f e l l  about 
10% too h igh  and no subsequent check run  w a s  a v a i l a b l e  t o  a i d  u s  i n  
f i x i n g  i t s  l e v e l .  Although t h i s  apparent  i n c r e a s e  was probably caused by 
a p a r t i a l  f a i l u r e  of the sample i n t e r f a c e  bond, t h e  shape of t h e  
response appears  t o  be una f fec t ed .  
The v e r t i c a l  p o s i t i o n  of t he  14.2" curve was e m p i r i c a l l y  
The c reep  behavior observed a t  49.2"C and lower temperatures 
i s  indeed s l i g h t  i n  t h i s  g l a s s y  region.  A l l  of these  compliance curves 
shown i n  Fig.  8 i n d i c a t e  t h a t  l i t t l e  flow has taken p l a c e  du r ing  t h e  c reep  
runs  which a r e  up t o  one day i n  length.  During t h e  1200 seconds of 
c r e e p  a t  49.2" viscous flow accounted f o r  l e s s  than 4% of the t o t a l  de- 
formation. A t  29.4" a viscous c o n t r i b u t i o n  w a s  n o t  d e t e c t a b l e .  There- 
f o r e  the  prolonged t i m e  dependence observed is  v i s c o e l a s t i c  and recover-  
a b l e  i n  na tu re .  The r ecove rab le  compliances ad jus t ed  t o  a common Andrade 
i n t e r c e p t  [ J ( t )  + A JA - -, where A JA = JA(64.2"C) - JA(T)]  a r e  
p l o t t e d  as a f u n c t i o n  of t he  cube r o o t  of t i m e ,  t1/3, i n  Fig.  9. Here w e  
see the  s h o r t  t i m e  l i m i t  t o  the domination of Andrade creep. The i n i t i a l  
c u r v a t u r e  i n d i c a t e s  t he  presence of a preceding v i s c o e l a s t i c  d i s p e r s i o n .  
I n  s p i t e  of t h e  low level  of compliances measured, a t  no temperature i s  
t h e r e  a d e f i n i t e  approach t o  a time in6epencieni glassy c~iripliar;cc, Jg. 
The l ack  of a c l e a r  c u t  i n d i c a t i o n  of what J may be can a l s o  be seen 
i n  Fig.  8. 
t 
7 
g 
For t h e s e  measurements, made a t  non-equilibrium volumes, no 
in fo rma t ion  i s  a v a i l a b l e  concerning t h e  J l e v e l s .  Ex t r apo la t ion  of e 
13. 
J va lues  determined a t  higher  temperatures i s  n o t  p o s s i b l e  because va lues  
so  obtained would apply t o  the  material a t  equ i l ib r ium d e n s i t i e s .  J must 
change i n  a manner s i m i l a r  t o  t h a t  of J The less seve re  temperature 
dependence of J f o r  t he  non-equilibrium g l a s s  i s  seen i n  Fig.  10. The 
change i s  from 0.1 t o  2% per  degree.  
should change l e s s  w i th  temperature when accompanied by a smaller r a t e  
of volume dec rease  i s  e n t i r e l y  reasonable  s i n c e  the  l e v e l  a r i s e s  from 
the  magnitude of i n t e rmolecu la r  i n t e r a c t i o n s .  To reduce the d a t a  shown 
i n  Fig.  8 ,  we can do l i t t l e  more with regard t o  t h e  amplitude r e d u c t i o n  
than w e  have done i n  Fig.  9. The c o r r e c t  procedure descr ibed above must 
be i n  p a r t  abandoned. To an e x t e n t  p r o p o r t i o n a l  t o  t h e  change of J 
wi th  temperature a long t h e  g l a s s y  volume l i n e ,  t h e  t i m e  s h i f t  f a c t o r s  , 
a are i n  e r r o r ,  b u t  because,  as w a s  j u s t  deduced, J changes ve ry  
l i t t l e  wi th  temperature w e  have reason t o  hope t h a t  the e r r o r  i s  
s m a l l .  It must n o t  be f o r g o t t e n  t h a t  s l i g h t  amplitude e r r o r s  can r e s u l t  
i n  l a rge - t ime  s h i f t  e r r o r s  when the time dependence is  s m a l l ,  a s  i t  i s  
i n  t h e  r e g i o n  of g l a s s y  behavior.  It  i s  important t o  n o t e  t h a t  t he  
c u r v a t u r e  i n  a l oga r i thmic  p l o t  i s  small  f o r  such behavior ,  and t h e r e f o r e  
the  e f f e c t  of t h e  amplitude e r r o r s  on t h e  shape of t he  r e s u l t i n g  master 
cu rve  i s  u s u a l l y  n e g l i g i b l e .  The t ime-scale  s h i f t  f a c t o r s  were c a l -  
c u l a t e d  from t h e  Andrade c o e f f i c i e n t  f3 (a:’ = Bo/@, where f3, i s  the  
v a l u e  a t  t he  r e f e r e n c e  temperature).  N o  a t tempt  has  been made t o  es t i -  
m a t e  c o r r e c t i o n s  f o r  t h e  amplitude temperature dependence. 
e 
e 
A’ 
A 
That t h e  amplitude of a compliance 
e 
T’ e 
11.2 
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The d a t a  from four  of the curves presented i n  Fig.  9 were 
p l o t t e d  l o g a r i t h m i c a l l y  on a reduced time s c a l e .  The values  o f  J and A 
14. 
a found are given i n  Table 2. The r e s u l t i n g  "master" curve of t he  
reduced r ecove rab le  compliance, J ( t ) ,  a t  64.2"C i s  d i sp layed  i n  Fig.  11, 
toge the r  w i th  smoothed values  read from the  reduced curve determined 
a t  equ i l ib r ium volumes see Fig. 6. The s u p e r p o s i t i o n  procedure ap- 
pea r s  t o  be s u c c e s s f u l  over t he  e n t i r e  range of measurement. Within 
experimental  e r r o r ,  a l l  of t h e  v i s c o e l a s t i c  mechanisms involved have t h e  
same temperature dependence. 
T 
R 
2 1  
The Re ta rda t ion  Spectrum 
Presented a l s o  i n  Fig.  11 a r e  t h e  r e s u l t s  of second approxi- 
2 mation c a l c u l a t i o n s  of the r e t a r d a t i o n  spectrum, L2, cm /dyne. 
d i f f e r e n t  approximation equat ions w e r e  used on the  curve from Fig.  6 
( t h e  reduced response observed a t  equ i l ib r ium volume). The open c i r c l e s  
were obtained us ing  Leaderman' s22 expres s ion  and t h e  c i r c l e s  w i th  t h e  ex- 
t e r n a l  p i p s  wi th  t h e  Stern23 adap ta t ion  of t h e  Ferry-WilliamsZ4 method. 
Sepa ra t e  c a l c u l a t i o n s  were made on each of the fou r  lower temperature 
curves  i n  an a t t empt  t o  avoid the in f luence  of a s i n g l e  averaging l i n e  
drawn through a l l  t he  J ( t )  po in t s .  The low s l o p e s  observed i n  t h i s  
r e g i o n  makes such c a l c u l a t i o n s  extremely s e n s i t i v e  t o  small v a r i a t i o n s  
i n  the accepted l i n e .  Only Leaderman's method w a s  used on t h e s e  curves.  
Two 
R 
As t h e  r ecove rab le  compliance, J ( t ) ,  approaches the  s t eady  
the  r e t a r d a t i o n  spectrum drops t o  zero.  To the  
R 
Je 9 s t a t e  compliance, 
l e f t  of t he  observed peak, which i s  some t h r e e  o r d e r s  of magnitude 
lower than peaks observed i n  polymeric systems, L2 has  a s l o p e  of 
1/3 f o r  about t h r e e  decades of time. This  i s  a r e f l e c t i o n  of t he  
15. 
l i n e a r i t y  of J r ( t )  w i th  t1l3 mentioned above. A t  s t i l l  s h o r t e r  t i m e s ,  
L d e f i n i t e l y  tends t o  l e v e l  ou t  t o  a p l a t e a u ,  and f i n a l l y  between 10 
and i t  appears t o  drop off  again. The drop-off a t  s h o r t  t i m e s  
should be regarded with susp ic ion  s i n c e  i t  r e f l e c t s  t he  r e g i o n  of 
least  accuracy and i s  dependent on bu t  a few of t h e  14.2" p o i n t s .  
-5 
2 
The spectrum c l e a r l y  i n d i c a t e s  t h e  presence of two groups of 
v i s c o e l a s t i c  mechanisms. A t  reduced t i m e s ,  l a r g e r  than 0.1 second a 
terminat ing form of Andrade c reep  dominates the  r ecove rab le  response.  
Although Andrade c reep  has  been observed i n  a wide v a r i e t y  of materials,  
from metals l3-I6 t o  amorphous glassyz5 and rubbery 
l i t t l e  progress  has  been made toward an understanding of the underlying 
16y26 The f a c t  t h a t  the temperature dependences of J and Je p rocess  . 
d i f f e r  tend t o  confirm t h a t  t h e  p l a t eau  a t  t he  s h o r t e r  times r e p r e s e n t s  
a second kind of response.  It i s  t h e r e f o r e  suggested,  t h a t  t he  t o t a l  
c r e e p  compliance i s  r ep resen ted  by 
polymers , very 18,19 
A 
J 
g 
+ + + 
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where t h e  g l a s s y  compliance, J , appears t o  be about 8 x 10 cm /dyne 
f o r  T m B  and JI (t)  and J, (t)  are normalized r e t a r d a t i o n  func t ions .  The 
l i n e a r  t e r m  i n  t i m e ,  t ,  a s  usua l  d e s c r i b e s  t h e  viscous c o n t r i b u t i o n  t o  
t h e  deformation. 
g 
A e 
16. 
S p e c i f i c  Volume Temperature Dependence 
S p e c i f i c  volume measurements between 25" and 31OOC on TCXNB 
have been r e p o r t e d  by Magil l  and Ubbelohde.' 
measurements were c a r r i e d  out by e q u i l i b r a t i n g  f o r  1 / 2  hour a t  temperatures  
spaced on t h e  average about t e n  degrees a p a r t  except f o r  t h e  neighborhood 
of most r a p i d  c r y s t a l l i z a t i o n .  To confirm t h e  p o s i t i o n  of t h e  g l a s s  
t r a n s i t i o n  temperature ,  T i n  t h i s  s tudy ,  r e l a t i v e  measurements of 
volume were made d i l a t o m e t r i c a l l y  between 29" and 116°C. 
de t e rmina t ions  t h e  thermostat  was cooled a t  a r a t e  of 1 t o  2°C per  
minute. Seve ra l  c y c l e s  were c a r r i e d  out  and t h e  a b s o l u t e  va lues  of 
s p e c i f i c  volume were f ixed  by matching a g a i n s t  t h e  e a r l i e r  r e s u l t s  w e l l  
above T . 
wide ranges of temperature t h e  d e n s i t y ,  p ,  of a l i q u i d  i s  a more l i n e a r  
f u n c t i o n  than  t h e  s p e c i f i c  volume, we have p l o t t e d  both s e t s  of d a t a  i n  
F i g .  12 a s  t h e  d e n s i t y .  Within experimental  e r r o r ,  t h e  r e s u l t s  a r e  indeed 
l i n e a r  from the  g l a s s  temperature,  T 
g 
of measurement, 244°C. Only t w o  p o i n t s  a r e  more than 0.1% from t h e  l i n e  
Their  d i l a t o m e t r i c  
g' 
During t h e s e  
Following a suggest ion of P ro fes so r  John Lamb,27 t h a t  over 
g 
= 69"C, up t o  the  h i g h e s t  temperature  
p(T°C) = 1.1348 - 6.06 x (T-100) T > 69 (2) 
3 
p i s  i n  g/cm . The r e s u l t s  over t h e  much sma l l e r  temperature range be low 
9 T can be desc r ibed  equa l ly  w e l l  i n  terms of volumes. The o lde r  r e s u l t s  
a r e  r ep resen ted  by t h e  l a r g e r  c i r c l e s .  Open and h a l f - f i l l e d  c i r c l e s  
d i s t i n g u i s h  between t h e  r e s u l t s  obtained i n  t h e  two d i f f e r e n t  d i l a t o m e t e r s  
t h a t  were necessa ry  t o  cover the l a r g e  temperature  range. R e s u l t s  obtained 
i n  t h e  p re sen t  s tudy  a r e  represented by t h e  sma l l  c i r c l e s .  
g 
Log v va lues  
17. 
a r e  a l s o  shown p l o t t e d  
i n  t h i s  l i n e  i n d i c a t e s  
a g a i n s t  t h e  temperature i n  F ig .  12. The cu rva tu re  
t h a t  t h e  thermal expansion c o e f f i c i e n t  i s  not c o n s t a n t ,  
b u t  i nc reases  apprec i ab ly  between T and T + 1 0 0 ° C .  
g g 
S p e c i f i c  Volume T i m e  Dependence 
I n  a d d i t i o n  t o  determining t h e  g l a s s  l i n e ,  e s t a b l i s h e d  by 
thermostat ing a t  64" f o r  four  days, i so the rma l  volume c o n t r a c t i o n  measure- 
ments were made a f t e r  t h e  manner of Kovacs.28 The d i l a tome te r  was e q u i l i -  
b r a t e d  a t  80' f o r  each measurement; a f t e r  which i t  was qu ick ly  t r a n s f e r r e d  
t o  a neighboring b a t h  t h a t  was r e g u l a t i n g  a t  t h e  temperature  of measure- 
ment. The time dependent r e s u l t s  f o r  two t empera tu res ,  49.2 and 59.2"C 
are  shown i n  Fig.  13 p l o t t e d  a s  the f r a c t i o n a l  d e v i a t i o n  from t h e  
equ i l ib r ium volume, V-Vco/V,, versus t h e  logari thm of t i m e ;  Vco i s  t h e  
equ i l ib r ium volume. Two s e t s  of measurements were c a r r i e d  out a t  each 
temperature  t o  a s s e s s  t h e  r e p r o d u c i b i l i t y .  
Creep During Isothermal  Volume Concentration 
A t  temperatures  appreciably below 59°C t h e  time t o  r each  
t h e  super-cooled l i q u i d s  time-independent d e n s i t y  becomes i m p r a c t i c a l l y  
long. A t  t he  same t ime ,  t h e  r a t e  of volume c o n c e n t r a t i o n  i s  slow enough t o  
pe rmi t  r a t h e r  e x t e n s i v e  measurement of t h e  e f f e c t  of t h i s  c o n t r a c t i o n  on 
t h e  isochermai creep Le'rltit-Lor. Therefcre , efter reaching metas t ab le  
e q u i l i b r i u m  a t  59.2"C a s  descr ibed above (F ig .  1) temperature of t h e  sample 
was lowered t o  49.2"C and a s e r i e s  of measurements was s t a r t e d .  The 
r e s u l t s  of t h e  s e r i e s  a r e  depicted i n  F ig .  14. Runs A ,  B ,  C ,  D ,  and 
E were taken on t h e  f i r s t ,  second, t h i r d ,  f i f t h ,  and e i g h t h  days 
a t  49.2'C, r e s p e c t i v e l y .  The sevenfold dec rease  i n  r a t e  of creep 
18. 
observed here  i s  c l e a r l y  a func t ion  only of  t he  decrease i n  f r e e  volume 
and w i l l  be c o r r e l a t e d  w i t h  estimates of t he  concurrent  volume c o n t r a c t i o n .  
Since the  in t e rmolecu la r  f o r c e s  involved are func t ions  of d i s t a n c e ,  a s m a l l  
decrease i n  the  amplitude of response i s  expected wi th  the  s l i g h t  
decrease i n  volume t h a t  occurred,  bu t  our p r e c i s i o n  du r ing  t h i s  ser ies  
of runs  was no t  great  enough t o  r e so lve  i t .  Within the  experimental  s ca t t e r ,  
a simple t i m e  scale s h i f t  i s  a l l  t h a t  was observed. There was no apprec iab le  
e f f e c t  on t h e  shape of t h e  compliance curves by c o n t r a c t i o n  du r ing  t h e  runs 
beyond t h e  f i r s t  day. The measured s h i f t s  are recorded i n  Table 3 .  
Temperature Dependence of t h e  V i s c o s i t y  
Above 8OoC only t h e  non-recoverable c o n t r i b u t i o n  t o  t h e  
deformation could be measured w i t h  accuracy. A t  h ighe r  temperatures  
the  t o r s i o n a l  c r eep  apparatus  was t h e r e f o r e  u t i l i z e d  as a r o t a t i o n a l  
viscometer .  The l i q u i d  c y l i n d e r  geometry was employed f o r  a l l  t hese  
measurements. A t  t h e  h i g h e s t  temperatures of  measurement the 3 . 2  c m  
diameter  sample p l a t e s  were used. Our p re sen t  measurements extended 
t o  2OOOC overlapping the  e a r l i e r  c a p i l l a r y  measurements of Magill and 
Ubbelohde by some 15". Values of t h e  v i s c o s i t y  a t  temperatures  below 
80" were determined,  where p o s s i b l e ,  from s t e a d y  s t a t e  angular  v e l o c i t i e s  
of t h e  moving p l a t e .  A t  temperatures  where s t e a d y  s t a t e  deformation 
was n u i  ~ e a c k d ,  v i s c o s i t i e s  =ere c i l c u l a t ~ d  f r o m  d i f f e r e n c e s  between 
c r e e p  and recovery.  Our r e s u l t s  obtained a t  me tas t ab le  e q u i l i b r i u m  
d e n s i t i e s  a r e  p l o t t e d  (open c i r c l e s )  i n  Figure 15 along w i t h  those 
from r e f e r e n c e  9 ( f i l l e d  c i r c l e s )  as  a f u n c t i o n  of  temperature.  The 
p o s i t i o n  of t h e  convent ional  g l a s s  temperature ,  Tg, i s  i n d i c a t e d .  It 
i s  s i g n i f i c a n t  t o  no te  t h a t  so long as c o n d i t i o n s  of me tas t ab le  e q u i l i b r i u m  
19.  
a r e  maintained,  t h e  second d e r i v a t i v e  of  t h e  curve remains p o s i t i v e ,  
i . e . ,  no p o i n t  of i n f l e c t i o n  i s  observed i n  the  neighborhood of Tg a s  
i s  o f t e n  r e p o r t e d  i n  the  l i t e r a t u r e .  I n  a d d i t i o n ,  the  va lue  of l o g  7 
a t  Tg i s  about 11.3, no t  13. The l a t t e r  i s  t h e  o f t e n  quoted r u l e  of 
thumb va lue .  The value of  13 even overest imates  t h e  v i s c o s i t y  of a 
non-polar polymer l i k e  polystyrene2’ (molecular weight N 47,000). 
va lues  a r e  shovlln i n  Table 4 wi th  the temperatures  o f  measurement. 
Log 7 
20. 
- Free Volume Analys is  
30 S t a r t i n g  wi th  the  D o o l i t t l e  expres s ion  f o r  t he  dependence of  
t he  v i s c o s i t y  on the  r e l a t i v e  f r e e  volume, 
Bv 
f 
0 J n v  = J n A + -  
V 
where A and B a r e  c h a r a c t e r i s t i c  m a t e r i a l  cons t an t s  and v and v a r e  
t h e  occupied volume and t h e  f r e e  volume, v-v 
Wil l iams,  Landel,  and Fe r ry  der ived31 an equa t ion  of  t he  form 
0 f 
r e s p e c t i v e l y  
0’ 
(3) 
which was e m p i r i c a l l y  found t o  f i t  t he  temperature  dependence of v i scous ,  
v i s c o e l a s t i c ,  and d i e l e c t r i c  behavior  of a w i d e  v a r i e t y  of g lass - forming  
m a t e r i a l s .  They a l s o  poin ted  ou t  t h a t  t h i s  form was implied by Vogel‘s 
e qua t  ion  32 
I n  t h e i r  d e r i v a t i o n  they  assumed t h a t  t h e  temperature  dependence of 
t h e  f r a c t i o n a l  f r e e  volume, f = (v-vo)/v, was equal  t o  f 
where f 
d i f f e r e n c e  between t h e  cubic  thermal expansion c o e f f i c i e n t s  f o r  t h e  super-  
cooled  l i q u i d ,  c1 and t h e  g l a s s ,  a! . The g l a s s y  expansion c o e f f i c i e n t  
i s  t aken  t o  be a measure of t h a t  of t h e  occupied volume c1 . The D o o l i t t l e  
c o n s t a n t ,  B was a l s o  assumed equal  t o  u n i t y .  The a d d i t i o n a l  assumption 
+ af(T-Tg), 
= aJ - a 
g 
i s  t h e  v a l u e  of f a t  t h e  g l a s s  temperature  and a i s  t h e  
g g’ 
J ’  g 
0 
21. 
2 V V V 
V V V 
0 , l  0 , 2  - 1 
f ¶ l  
V 
V 
t h a t  v f / v  ‘Y vf/vo was unnecessary s i n c e  - - - -  , 
f , 2  f,l f , 2  
33 where t h e  s u b s c r i p t s  1 and 2 i n d i c a t e  va lues  of v and v a t  two temperatures .  
The r e s u l t i n g  cons t an t s  c and c a r e  1/2.303f and f /a a s  g iven  by WLF, 
and c/2.303A and A i n  terms of Vogel equa t ion  cons t an t s  where A = T -Two 
0 f 
1 2 g g f  
34 
g 
A n t i c i p a t i n g  t h e  r e s u l t s  obtained below, w e  show our experimental  
evidence support ing t h e  assumption Williams made a t  a l a t e r  date35 t o  a l low 
B t o  assume va lues  o t h e r  than one. 
I n  terms of l o g  a t h e  temperature dependences of t h e  v i s c o s i t y  of t h e  
supercooled l i q u i d ,  f i l l e d  c i r c l e s ,  (he re  log  a = l og  q(T) - log 7 (64 .2 ) )  
and t h e  r e t a r d e d  r ecove rab le  compliance of t h e  s p e c i f i e d  g l a s s ,  open c i r c l e s ,  
a r e  shown i n  Fig.  16  a s  a func t ion  of temperature.  I n  Tables 1 and 2 the  
log a values  obtained f o r  both processes  a t  s e v e r a l  temperatures only 
d i f f e r  by 0 . 2  or  less. With our p re sen t  d a t a  we can only conclude t h a t  
t h e s e  d i f f e r e n c e s  a r e  w i t h i n  experimental e r r o r  and these  two c o n t r i b u t i o n s  
t o  t h e  creep compliance have the  same temperature dependence. The s o l i d  
l i n e  f o r  t h e  me tas t ab le  l i q u i d  and t h e  dashed l i n e  f o r  t h e  uns t ab le  g l a s s  
have been c a l c u l a t e d  assuming t h a t  t h e  thermal expansion c o e f f i c i e n t  of 
t h e  occupied volume, ao, i s  ze ro .  
t h e  a p p l i c a t i o n  of t h e  WLF model, admi t t ed ly  i n t o  t h e  r eg ion  below T , where 
it was clcirner! n c t  t o  a p p l y -  W e  w i l l  a t tempt  t o  show t h a t  such an  apparent  
This  i s  t h a t  af = aa; i .e. ,  a. = 0. 
T 
T 
T 
The d o t t e d  h o r i z o n t a l  l i n e  r e p r e s e n t s  
g 
22. 
l i m i t a t i o n  of t h e  f r e e  volume 
a b e t t e r  f i t  t o  t h e  d a t a  w i t h  
w e  conclude t h e  imperfect f i t  
approach i s  not necessary.  Rather than o b t a i n  
the unpa la t ab le  assumption of a nega t ive  a 
i s  due t o  experimental  unce r t a in ty .  &any 
0 
-,---- it is  c l e a r  t h a t  CYo << CY . event 
Since v can be concluded t o  be i n s e n s i t i v e  t o  temperature ,  then 
0 
assuming volume-temperature l i n e a r i t y  
dv v = v + - (T-Tg) T dT 
g 
w i t h  equat ion ( 3 )  t h e  fol lowing expres s ion  can be der ived 
log  a = - (B/2 .303  Q )(T-T ) /  1 ( "vO/g )  + T-T 
T g 8 g 
v-v 
V 
0 The r e l a t i v e  f r e e  volume, -, i s  
0 
1 dv Q = @  + - v - dT (T-Tg) . 
0 g 
(7 )  
where Q is  i t s  va lue  a t  T . 
g g 
Vc?ge1 eqe i+ , icn  c ~ n c + _ s n t _ s  were f irs t  ohta ined  w i t h  the viscosity 
d a t a  t o  determine t h e  range of free volume domination. The r e s u l t i n g  
e x p r e s s i o n  was obtained:  
3 -1 log  Q = -17.46 + 4.10 x 10 (T-200) . (9) 
23. 
Temperature i s  expressed i n  OK. This equat ion d e s c r i b e s  t h e  v i s c o s i t y  
behavior below 120°C and the  dashed l i n e  i n  Figure 15 i l l u s t r a t e s  t h e  
depa r tu re  from observed values  a t  h ighe r  temperatures .  
of 69°C t h e  WLF parameters f 
which w e  p r e s e n t  f o r  comparison with t h e  "universal"  va lues  of 0.025 and 
4 .8  x The measured d i f f e r e n c e  a -a i s  4.4 x 10 f o r  TONB; 
A t  t h e  convent ional  T 
, r e s p e c t i v e l y ,  
g 
-4  and af a r e  0.015 and 1.06 x 10 
g 
-4 
J g  
-4 (69") = 5 . 0  x 10 . 
Fig.  1 7  s chemat i ca l ly  r e p r e s e n t s  t h e  f r e e  volume p i c t u r e  
r e q u i r e d  by a temperature independent v . I f  w e  ignore t h e  n o n - l i n e a r i t y  
-4 
of t h e  volume-temperature dependence of TONB, t h e  s l o p e ,  - dv - 4.54 x 10 
a t  T can be used t o  e x t r a p o l a t e  t he  me tas t ab le  l i q u i d  l i n e  t o  TW = 200°K 
where the  f r e e  volume i s  zero.  Such an e x t r a p o l a t i o n  y i e l d s  a v = 0.802 cm /g 
which implies  a @ = 0.081 and B = 5.5 from B = c @  /A. However, s i n c e  t h e  
d e n s i t y  is  a l i n e a r  f u n c t i o n  of temperature f o r  T m B  above T equat ion (2) 
y i e l d s  a more r e a l i s t i c  va lue  of v 
0 
, dT 
g 
3 
0 
g g 
g '  
a t  Tm. The r e s u l t  f o r  vo i s  0.807 and 
0 
and B become 0.074 and 4 .9 ,  r e s p e c t i v e l y .  Even t h i s  procedure,  which 
g 
u s e s  t h e  Tm obtained by f i t t i n g  the Vogel equa t ion  t o  t h e  d a t a ,  is  an  
approximation t o  t h e  e x t e n t  t h a t  the volume i s  non-l inear  i n  t h e  temperature  
r ange  where t h e  p e r t i n e n t  v i s c o s i t y  va lues  were obtained.  
With s p e c i f i c  volume data  a v a i l a b l e ,  t h e  D o o l i t t l e  equa t ion  ( 3 )  
assumption (bo th  e x p l i c i t  and i m p l i c i t )  of volume-temperature l i n e a r i t y .  
A r e f e r e n c e  volume, v 
and t h e  s t r a i g h t  l i n e  expres s ion  
i s  chosen, where J ( t )  o r  7 has been measured 
S' 
24. 
v -v 2 . 3 0 3 ( ~ ~ - ~ ~ )  - S 
l og  aT BvO 
i s  used. 
from t h e  s l o p e  and i n t e r c e p t .  This procedure i s  analogous t o  t h e  F e r r y  
temperature  plot" of T-T / l og  a 
s t a n t s  c and c A seve re  t es t  of f r e e  volume concepts  can be  app l i ed  by 
comparing t h e  r e s u l t s  ob ta ined  i n  t h e  d i f f e r e n t  a c c e s s i b l e  r eg ions  of 
t h e  phase diagram (Figure  1 7 )  wi th  equa t ion  (10). 
F igu re  18 p l o t t e d  twice,  wi th  a d i f f e r e n t  chosen r e f e r e n c e  volume i n  each 
in s t ance ,  t o  i l l u s t r a t e  t h e  ampl i f i ca t ion  of e r r o r s  nea r  v . The f i l l e d  
c i r c l e s  on t h e  v -v / log  aT versus  v p l o t  r e p r e s e n t  t h e  v i s c o s i t y  r e s u l t s  
ob ta ined  on t h e  me tas t ab le  l i q u i d .  The ha l f  b l ack  c i rc les  were obta ined  
from t h e  s p e c i f i e d  g l a s s  and t h e  open c i rc les  dur ing  i so thermal  volume 
c o n t r a c t i o n  a t  49.2"C. 
v 
A p l o t  of  (vs-v) / log aT ve r sus  v y i e l d s  t h e  cons t an t s  v and B 
0 
a g a i n s t  T-T which y i e l d s  t h e  WLF con- 
S T S 
1 2' 
The d a t a  a r e  shown i n  
S 
S 
The va lues  of  vo and B deduced from t h e  
3 3 3 = 0.8651 cm /g l i n e  a r e  0.810 c m  /g and 4.23; from t h e  v = 0.8831 c m  /g 
S S 
3 l i n e ,  0.811 cm /g and 4.13, r e s p e c t i v e l y .  
These l a s t  va lues  a r e  t aken  t o  b e  t h e  b e s t  c h a r a c t e r i z i n g  cons t an t s  
e s p e c i a l l y  s i n c e  it appears  c l e a r  t h a t ,  w i t h i n  our experimental  e r r o r  , a l l  
o f  our r e s u l t s  a r e  adequate ly  represented  w i t h  t h e  except ion  of t he  
v i s c o s i t i e s  measured above 120"C, where t h e  r e l a t i v e  f r e e  volume i s  no t  
t h e  s o l e  determining f a c t o r .  To t h i s  e x t e n t ,  t h e  f r e e  volume concept i s  
s u b s t a n t i a t e d .  The o the r  va lues  g iven  above should be i n d i c a t i v e  of t h e  
magnitude of e r r o r s  introduced by t h e  s e v e r a l  assumptions mentioned. The 
accepted  temperature  dependence equat ion,  r e l a t i v e  t o  t h e  e s t a b l i s h e d  T of 
60"C, i s  
The r e s u l t i n g  d~ a t  69°C i s  0.070. 
g 
g 
V 0.8633 
V-0.8105 - log a = 1.81 [ T 
25. 
. 26. 
DISCUSSION 
Previous a t t empt s  t o  r a t i o n a l i z e  t h e  seve re  temperature 
dependence of r e l a x a t i o n  processes  i n  the  neighborhood of t h e  g l a s s  
t r a n s i t i o n  temperature i n  terms of f r e e  volume concepts have g e n e r a l l y  
r e s t e d  on assumptions concerning a and a r b i t r a r y  d e f i n i t i o n s  of 
v . These c o n t r i b u t i o n s  have been thoroughly examined i n  an ex tens ive  
review by Kovacs.” 
is  c o r r e c t  i n  form and t h a t  a temperature i n s e n s i t i v e  v is o p e r a t i o n a l l y  
determined by t h e  temperature response of a p rope r ty  which i s  dominated 
by a s i n g l e  kind of molecular mechanism. The occupied volume, v i s  
t h e r e f o r e  t o  be considered a measure of t h e  volume which is  unava i l ab le  
f o r  t h e  p e r t i n e n t  molecular process.  For example, t h e  volume r e q u i r e -  
ments f o r  r o t a t i o n  of a molecule m u s t  depend on i t s  shape and t h e  p o s s i b l e  
d i r e c t i o n a l  n a t u r e  of i t s  i n t e r a c t i o n s  wi th  i t s  neighbors.  The requirements 
f o r  t r a n s l a t i o n ,  a p r i o r i ,  a r e  not n e c e s s a r i l y  t h e  same, un le s s  t r a n s l a t i o n  
can on ly  occur by means of cooperat ive r o t a t i o n .  
u n l i k e l y  circumstance i n  gene ra l .  U t i l i z i n g  t h e  a n a l y s i s  presented i n  t h i s  
p a p e r ,  one of u s  has  found2’ t h a t  t h e  r e t a r d e d  e l a s t i c  compliance and t h e  
v i s c o s i t y  of po lys ty rene  have d i f f e r e n t  e f f e c t i v e  occupied volumes. 
0 
0 
30 It has  been assumed h e r e  t h a t  t h e  D o o l i t t l e  expres s ion  
0 
0’ 
This appears t o  be an  
It appears  reasonable  t o  u s  t h a t  t he  concept of molecular motion, 
b e i n g  hindered by crowded condi t ions,  can be t r e a t e d  i n  terms of d e n s i t y  
f l u c t u a t i o n s  
number of a v a i l a b l e  conf igu ra t ions  of t h e  system i n  phase space.  
l a t t e r  approach i s  exemplif ied by the  r e c e n t l y  proposed theory of Adam 
and G i b b ~ . ~ ~  Though appeal ing and appa ren t ly  success fu l ,  i t  s u f f e r s  from t h e  
36 
o r  e q u i v a l e n t l y  i n  s t a t i s t i c a l  mechanical terms of a small  
The 
27. 
d e f e c t  t h a t  it p r e d i c t s  no t i m e  s c a l e  s h i f t  so long a s  a p a r t i c u l a r  
average l i q u i d  conf igu ra t ion  i s  maintained. It has been widely 
acknowledged by many, i nc lud ing  Adam and Gibbs, 37-40 t h a t  t he  l i q u i d  
c o n f i g u r a t i o n  does not change along a g l a s s  volume-temperature l i n e .  
Our c reep  measurements made along such a l i n e  have a temperature 
dependence t h a t  i s  by no means small .  
appears t o  be t h e  p e r t i n e n t  v a r i a b l e .  A t  l e a s t  t o  a f i r s t  approximation, 
The f r e e  volume, t h e r e f o r e ,  
whether a dec rease  i n  @ i s  t h e  r e s u l t  of more e f f i c i e n t  molecular packing, 
or  simply the  consequence of a decrease i n  t h e  amplitude of thermal 
v i b r a t i o n s  does not  seem t o  matter .  A s t a t i s t i c a l  mechanical exp lana t ion  
w i l l  have t o  include t h e  e f f e c t  of v i b r a t i o n  amplitude on t h e  number of 
p o s s i b l e  c o n f i g u r a t i o n a l  s t a t e s .  
. 
28. 
CONCLUSIONS 
Creep recovery measurements of TONB have r evea led  a n  
unexpectedly broad r e t a r d a t i o n  spectrum ( g r e a t e r  t han  9 loga r i thmic  
decades) which i n d i c a t e s  t h e  presence of two c o n t r i b u t i n g  groups of 
r e t a r d a t i o n  mechanisms; one of which g ives  r ise  t o  a t e rmina t ing  Andrade 
c reep  response.  
i n c r e a s e s  wi th  i n c r e a s i n g  temperature a t  a much g r e a t e r  r a t e  above T . 
g 
Recoverable creep compliance r e s u l t s ,  measured both above and below T 
have been reduced t o  a s i n g l e  composite curve a t  64.2OC over an  enhanced 
t ime s c a l e .  
of 7 and J ( t )  a r e  the  same. 
was a t  a me tas t ab le  equ i l ib r ium d e n s i t y  no p o i n t  of i n f l e c t i o n  i n  t h e  
p l o t  log 7 versus temperature  was observed. 
found t o  be a l i n e a r  f u n c t i o n  of temperature  between T and 244OC. The 
va lue  of t h e  v i s c o s i t y  and t h e  p o s i t i o n  of t h e  r e t a r d a t i o n  spectrum on 
t h e  time s c a l e  were found t o  b e  func t ions  of t h e  volume per se. I n  
app ly ing  f r e e  volume theo ry  t o  the r e s u l t s  i t  was deduced t h a t  a 0.  
The amplitude of t h e  r e t a r d e d  r ecove rab le  compliance 
gJ 
Within experimental  u n c e r t a i n t y  t h e  temperature  dependence 
So long as 7 was determined wh i l e  TcWB r 
The d e n s i t y  of TcWB was 
g 
0 -  
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TABLE 1 
Characterizing Parameters at Equilibrium Volume 
T°C 
JA Je 
a b 
1% 8 T log a T log a 
10 x 10 10 x 10 
2 2 
cm /dyne cm /dyne 
64.2 0 .85  2.58 
66 .5  0.90 2.76 
6 9 . 2  0 . 9 5 0  2.83 
74.2 1.15 3 . 2 1  
79.2 1.5 3.53 
0 0 -10. 772 
- - -  -0. 500 --- 
- 0 . 9 a 3  - 1 . 0 3 7  -10.404 
- 1. 946 -10.15 - 1 . 8 4  
-2. 6 6 3  - 2 . 8 6 7  - 9.82 
0 
a. from retarded compliance 
b. from viscosity 
30. 
TABLE 2 
Charac t e r i z ing  Parameters Along Spec i f i ed  Glass  Line 
TOC 
J 
x 10 A 10 
2 cm /dyne 
a 
T log  a 
b 
T log  a 
24.2 0.81 --- --- -12.301 4.60 
29.4 0.82 --- --- -12.164 4.18 
34.3 0.83 16.20 3.85 -11.9a5 3.65 
39.2 0.83 15.47 3.12 -11.746 2.93 
49.2 0.84 14.52 2 .17  -11.536 2.30 
a. from v i s c o s i t y  
b. from B 
3 1 .  
TABLE 3 
Charac ter iz ing  Parameters During Isothermal  Cont rac t ion  
C 
T log  f3 log  a 
b 
T log  a 
JA 10 To C V x 10 a Time 
2 
cm /dyne 
- 3  3 
sec .  x 10 cm /g 
4 
87 
1 8 4  
353 
6 34  
4 
76 
3 10 
49.2 
49.2 
49 .2  
49.2 
49.2 
59.2 
59.2 
59 .2  
0 .8619 0.84 
0 .8603 0.84 
0 .8598  
0 .8594 
0 .8593 0 . 8 4  
0 .8640  0 . 9 2  
0 .8630  0 . 9 1  
0 .8629  0 .92  
2 .19  -11 .53  2.28 
2.49 -11 .63  2.58 
2.72 
2.88 
3 .03  -11 .81  3.12 
0 .83  -11 .028 0 .78  
1 .08  -11.105 1.01 
1.12 -11.105 1.01 
a .  Time of s t a r t  of run  a f t e r  temperature equ i l ib r ium.  
b.  From v i s c o s i t y .  
c .  From f3. 
32. 
TABLE 4 
a 
Viscos i ty  Temperature Dependence 
59.2 
64.2 
66.5 
69.2 
74.0 
79.2 
84.2 
89.2 
94.2 
99.2 
13.47 
12.35 
11.85 
11. 2g5 
10.39 
9. 465 
8. 565 
7. 765 
7.055 
6.25 
104.2 
109.2 
114.2 
124.3 
144.3 
160.0 
169.7 
184.8 
189.0 
191.8 
5.58 
4.93 
4.33 
3.27 
1.65 
0.81 
0. 375 
-0.076 
-0.170 
-0.258 
192.6 -0.274 
199.8 -0.398 
210.0 -0.569 
222.4 -0.779 
238.5 -0.984 
277.0 -1.360 
287.7 -1.419 
298.5 -1.497 
310.6 -1.561 
a. Values a t  184.8"C and above a r e  t h e  c a p i l l a r y  va lues  of Magil l  and 
Ubbelohde. Tabulated va lues  were n o t  g iven  i n  r e fe rence  9. 
z 
b. V i scos i ty  va lues  a re  i n  Poise (dyne sec./cm ). 
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3 5 .  
LEGENDS 
2 
Figure  1. Logarithmic p l o t  of t h e  creep compliance, J ( t )  cm /dyne, of 
TmB a s  a f u n c t i o n  of time, t ,  i n  seconds. Measurements were 
taken du r ing  isothermal  volume c o n t r a c t i o n  a t  5 9 . 2 " C .  Time 
i n t e r v a l  a t  tem e r a t u r e  be fo re  s t a r t  of runs:  8 , 4 x lo3;  
0 , 7 6  x L O 3 ; &  , 310 x lo3 sec.  Retarded r ecove rab le  
compliances,  J r ( t ) ,  of same runs  p l o t t e d  a g a i n s t  t h e  cube 
r o o t  of t h e  t ime,  t1l3. 
F igure  2 .  Logarithmic p l o t  of creep compliance, J ( t ) ,  a s  a f u n c t i o n  of 
time. T m  was a t  metastable  equ i l ib r ium volume a t  i n d i c a t e d  
temperatures during these  measurements. 
F igu re  3. Logarithm of t h e  recoverable  c reep  compliance Jr(t) presented 
a s  a f u n c t i o n  of t h e  logari thm of t i m e  ( t  i n  seconds) a t  t h e  
ind i ca t ed temper a t ur es . 
Figure  4 .  Recoverable compliances from F i g u r e  3 shown h e r e  a s  a f u n c t i o n  
of t h e  cube r o o t  of t ime,  t1l3. 
Figure  5. Schematic r e p r e s e n t a t i o n  of t h e  r ecove rab le  creep compliance 
versus  log t ime a t  two temperatures t o  h e l p  i l l u s t r a t e  t h e  
temperature r e d u c t i o n  procedure of t h e  amplitude dependence. 
A s  drawn, t h e  r e f e r e n c e  temperature T i s  t h e  lower of t h e  two. 
0 
F i g u r e  6 .  Logarithmic p l o t  of t h e  amplitude reduced r ecove rab le  creep 
compliance, J R ( t ) ,  a s  a f u n c t i o n  of reduced t ime ,  t /aT.  
of t h e  d a t a  a r e  reduced t o  6 4 . 2 " C .  
A l l  
F i g u r e  7 .  S p e c i f i c  volume-temperature p l o t  showing an  e x t r a p o l a t i o n  of t h e  
me tas t ab le  equ i l ib r ium l i q u i d  l i n e  wi th  two measured g l a s s  l i n e s .  
The upper (convent ional)  g l a s s  l i n e  r e p r e s e n t s  the r e s u l t  of 1°C 
per  minute cool ing and t h e  lower l i n e  r e p r e s e n t s  t h e  s p e c i f i e d  
g l a s s  a s  desc r ibed  i n  the t e x t .  
F i g u r e  8. Logarithmic p r e s e n t a t i o n  of t h e  c reep  compliance curves , J(t) , 
of t h e  s p e c i f i e d  g l a s s  of TON€! a t  t h e  i n d i c a t e d  temperatures.  
The response a t  t h e  r e f e r e n c e  t e m p e r a t u r e  (To = 6 4 . 2 " C ,  equ i l ib r ium 
voiuniej t o  which t h e  dats on t h e  gliss will b e  reduced i s  a l s o  
shown. 
Linear  p l o t  of t h e  r ecove rab le  compliance (Jr(t) = J(t)  - -), 
a d j u s t e d  t o  a common Andrade i n t e r c e p t  (AJA = J A  ( 6 4 . 2 " )  - J A ( T o ) )  
a g a i n s t  t h e  cube r o o t  of t i m e ,  t1/3, c a l c u l a t e d  from d a t a  
presented i n  Figure 8. 
t 
7 
F i g u r e  9. 
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F igu re  10. Dependence of t h e  Andrade i n t e r c e p t  compliance, JA, of t h e  
s p e c i f i e d  g l a s s  and t h e  me tas t ab le  l i q u i d  on temperature ,  TOC. 
F igu re  11. Logarithm of t h e  temperature reduced r ecove rab le  compliance, 
JR(t) a s  a f u n c t i o n  of the loga r i thmic  reduced t ime,  log t/aT. 
Open c i rc les  are  from Fig. 6. Others a r e  des igna ted  a t  four  
temperatures from t h e  s p e c i f i e d  g l a s s  r e sponse ,  To = 64.2". 
Also t h e  logari thm of the second approximation t o  t h e  r e t a r d a -  
t i o n  spectrum, L2. Open c i r c l e s  c a l c u l a t e d  wi th  Leaderman's 
expres s ion ;  c i r c l e s  with e x t e r n a l  p i p s  wi th  t h e  S t e r n  a d a p t a t i o n  
of t he  Williams-Ferry method; o t h e r s  der ived from i n d i v i d u a l  
JR(t) cu rves ,  a s  indicated , with t h e  former expression.  
F igu re  12. Densi ty  and logari thm of t h e  s p e c i f i c  volume, v ,  shown a s  a 
f u n c t i o n  of temperature.  Open and h a l f - f i l l e d  c i r c l e s  from 
r e f e r e n c e  9; two d i f f e r e n t  d i l a t o m e t e r s .  F i l l e d  small  c i rc les  
from p resen t  s tudy.  
F igu re  13. F r a c t i o n a l  excess  volume above equ i l ib r ium va lue  , V, p l o t t e d  
a s  a f u n c t i o n  of l oga r i thmic  time a t  49.2 and 49.2"C. F i l l e d  
and open c i r c l e s  r e p r e s e n t  s e p a r a t e  measurements. 
F i g u r e  14. Logarithmic c reep  compliance-time p l o t .  Measurements made during 
spontaneous volume c o n t r a c t i o n  a t  49.2". S t a r t i n g  time pe r iods  
a f t e r  a t t a inmen t  of thermal equ i l ib r ium are  given i n  t e x t .  
F igu re  15. Logarithm of the  v i s c o s i t y ,  7 ,  p l o t t e d  a s  a func t ion  of 
temperature.  Conventional g l a s s  t r a n s i t i o n  temperature , Tg , i s  
i n d i c a t e d .  Dashed l i n e  i s  c a l c u l a t e d  from Equation 9. 
F i g u r e  16. Logarithm of t i m e  s c a l e  s h i f t  f a c t o r s ,  aT, p l o t t e d  a s  a f u n c t i o n  
of temperature.  Sol id  l i n e  f o r  me tas t ab le  l i q u i d  and long-dash 
l i n e  f o r  s p e c i f i e d  g l a s s  c a l c u l a t e d  with Equation 7 and t h e  
thermal expansion c o e f f i c i e n t  of t h e  occupied volume, G,, assumed 
zero.  Short-dash l i n e  r e p r e s e n t s  t h e  curve f o r  a, = ag. 
c i r c l e s  from 7;  open c i r c l e s  from Jr(t) curves of t h e  s p e c i f i e d  
g l a s s .  
F i l l e d  
F i g u r e  17. Schematic r e p r e s e n t a t i o n  of phase diagram d e p i c t i n g  f r e e  volume 
parameters which a r e  suggested by t h e  d a t a  r epor t ed  f o r  TCXNB. 
Heavy s o l i d  l i n e s  correspond t o  measured Lesiilts i n  t h i s  vc?rt 
and i n  Reference 9.  Dashed l i n e s  a r e  deduced. Tm i s  t h e  
me l t ing  p o i n t ,  T 
f o r  t h e  s p e c i f  i e 5  and convent ional  g l a s s e s  ; T, i s  t h e  temperature  
a t  which a l i q u i d  a t  equ i l ib r ium d e n s i t y  would possess  ze ro  f r e e  
volume; and v i s  the  temperature  i n s e n s i t i v e  occupied volume. 
and Tg,c  a r e  t h e  g l a s s  t r a n s i t i o n s  temperatures  
YS 
0 
. 
37.  
Figure  18. R a t i o  of volume d i f f e r e n c e  from t h e  chosen r e f e r e n c e  volume t o  
t h e  logari thm of t h e  time s c a l e  s h i f t  f a c t o r ,  vs - v/Log aT,  
p l o t t e d  a g a i n s t  t h e  s p e c i f i c  volume f o r  two d i f f e r e n t  va lues  of 
vs. F i l l e d  c i r c l e s  from measurements on me tas t ab le  l i q u i d ;  t o p  
dark c i r c l e s  from s p e c i f i c  g l a s s  response;  and open c i r c l e s  from 
measurements during isothermal volume c o n t r a c t i o n  a t  49.2"C. 
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